We investigate the properties of octet and decuplet baryons in a light-front holographic model. By taking into account the effect of nonvanishing quark mass, we obtain the modified light-front wave functions which are applicable at both low and high energy scales. We calculate the spectra, form factors, magnetic moments and electromagnetic radii of octet and decuplet baryons with the results all matching the experiments well. The axial charge, which describes the contribution of quark helicity to the proton spin in the quark-parton model at the high energy scale, is also consistent with the experimental value. Therefore, the light-front holographic method is successful in studying hadronic physics at all energy scales, and the nonzero quark mass is essential to understand the spin structures together with other low energy properties.
We investigate the properties of octet and decuplet baryons in a light-front holographic model. By taking into account the effect of nonvanishing quark mass, we obtain the modified light-front wave functions which are applicable at both low and high energy scales. We calculate the spectra, form factors, magnetic moments and electromagnetic radii of octet and decuplet baryons with the results all matching the experiments well. The axial charge, which describes the contribution of quark helicity to the proton spin in the quark-parton model at the high energy scale, is also consistent with the experimental value. Therefore, the light-front holographic method is successful in studying hadronic physics at all energy scales, and the nonzero quark mass is essential to understand the spin structures together with other low energy properties.
PACS numbers: 11.15.Tk, 11.25.Tq, 12.39.Ki, 14.20.-c Quantum chromodynamics (QCD) provides a fundamental description of strong interaction in terms of quark and gluon degrees of freedom, and has been proven successful in the high energy region where the perturbative effect dominates. It is still challenging to directly calculate the hadron properties at the low energy scale where the strong and nonlinear coupling between quarks and gluons plays the essential role. The light-front holography provides a new method to handle the strong interaction from basic considerations and has led to many remarkable results [1] . The light-front holography is based on the correspondence [2] [3] [4] between string states defined on the five-dimensional anti-de Sitter (AdS) space-time and conformal field theories (CFT) in physical spacetime. Although the conformal symmetry of the classical QCD Lagrangian with massless quarks is broken by quantum effects, it is nearly conformal at high energy or short distance because of its asymptotic freedom [5] . There is also evidence from lattice QCD [6] , the Dyson-Schwinger equation [7] , empirical effective charges [8] and theoretical arguments [9] that the strong coupling constant has an infrared fixed point. Therefore, the AdS/CFT correspondence can be used to obtain a first approximation to QCD. This kind of methods have been applied to the hadronic spectrum [10] , hard scattering [11] and strongly coupled quark-gluon plasma [12] .
During the last decade, a connection is established between the conformal quantum mechanics and the light-front dynamics [13, 14] , which provides a natural framework to reconcile the quark-parton model with QCD [15, 16] . The simple vacuum in the light-front quantization allows an unambiguous definition of the constituents of hadrons. All hadronic properties and partonic structures are encoded in the frame independent light-front wave functions (LFWFs). Therefore, solving the LFWFs becomes a central as well as challenging issue * liutb@pku.edu.cn † mabq@pku.edu.cn in hadronic physics. Recently, an exact correspondence is found between the fifth-dimensional coordinate z in AdS space and the weighted impact separation variable ζ in physical space-time [17, 18] . This endows a clear physical meaning to the holographic variable. Some LFWFs are derived from some holographic models as a first approximation [19, 20] .
In this paper, we study the baryon properties with the light-front holographic approach. Including the effects from nonzero quark mass, which explicitly breaks the conformal symmetry but plays an important role in understanding spin-related issues, we obtain the LFWFs with different orbital angular momenta and find that the spectra, magnetic moments, form factors and electromagnetic radii of octet and decuplet baryons are all well described. It is remarkable that the axial charge which describes the fraction of the quark helicity contribution to the proton spin is also consistent with the experimental value, when the quark mass effect is taken into account. Therefore, the new LFWFs we obtained are applicable to study the baryon properties at both low energy and high energy scales.
Hadrons, as bound states of the strong interaction, are the eigenstates of the QCD light-front Hamiltonian
⊥ with mass squares as the eigenvalues. Quantized at fixed light-front time, it can be expanded on the Fock state basis as
where the integral measures are defined as
and λ i represents the helicity and other internal degrees of freedom. Since there is an explicit separation of kinematical and dynamical terms in QCD light-front Hamiltonian, we can express the mass square of a hadron in terms of the LFWFs as
where U is an effective potential. In this semiclassical approximation, some nondiagonal effects are neglected. Using the Fourier transformation, one may obtain the expression in the coordinate space. For a two-body system, which means the hadron is regarded as an active quark and a spectator cluster, the eigenequation with massless constituents is expressed as [20] − d
where the light-front variable ζ = x(1 − x)|b ⊥ | measures the separation between the quark and the spectator. It corresponds to the holographic variable z in AdS space. The transverse mode φ(ζ) of the LFWF is defined as [17] ψ
The effective potentialŨ is usually derived from the deformation of the AdS space, i.e., the soft-wall model [10] , by introducing a dilaton ϕ(z) = λz 2 . For fermions, however, the dilaton can always be absorbed through the rescaling of the fields [21] . Therefore, an effective interaction ρ(z) is introduced to the effective action in AdS space [22] ,
where Ψ is the bulk field, Γ
A is the tangent-space Dirac matrices, and e M A is the inverse vielbein. The bayron light-front wave function satisfies the coupled linear differential equations [23] ,
where the subscripts ± represent the chiral components. The confinement potential V (ζ) is determined by the effective interaction ρ(z) as
In this study, we choose a linear potential V (ζ) = λζ which can reproduce the Regge behavior for bayrons [23, 24] . This form can also be uniquely determined in the framework of superconformal algebra [25] . From the coupled differential equations (8) and (9), one can obtain the equivalent second-order equations as
where the effective potential is expressed as
Comparing with (5), one may relate ν to the orbital angular momentum L. To have the separation between the kinematical and dynamical effects, we assign L = ν for the right-hand component and L = ν +1 for the left-hand component. We take the lowest energy solutions with ν = 0 for the ground state baryons,
To include the correction from nonzero masses of the constituents, we adopt the replacement [1] ,
to the LFWFs in the momentum space, where m 1 and m 2 are the effective masses of the quark and the spectator cluster respectively. Then the LFWFs have the form
They actually describe L = 0 and L = 1 states respectively. In other words, the ground state bayrons contain the nonzero orbital angular momentum state in the light-front dynamics. This is a relativistic effect that can be physically understood from the Wigner rotation effect [26] , which plays an important role in explaining the proton spin puzzle [27] . On the limit of zero quark mass, there is an equal probability to find the L = 0 and the L = 1 states in a baryon state [22] . In such a situation, the proton spin is all from the orbital angular momentum. However, the nonvanishing quark mass changes the weights of these two states. Comparing the ratio with the generic ansatz,
where M is a quantity with the dimension of mass, we identify the xM with λx(1 − x) in order to reproduce the ratio between (16) and (17) on the limit of massless quarks. We obtain the modified LFWFs as
where N is the normalization factor. Then the baryon mass can be evaluated via (4) with the contributions from kinematical energy, the confinement potential and constituent masses.
In the light-front formalism, the Dirac and Pauli form factors correspond to the spin-conserving and the spinflip current matrix elements respectively [28] . With the electromagnetic current V (z, Q 2 ) in AdS space, the Dirac form factor is expressed as
Here we adopt the dressed current derived from the softwall model [17, 29] ,
where U (α, γ, z) is the Tricomi confluent hypergeometric function.
Since the precise mapping of the Pauli form factor has not been carried out in holographic methods, a nonminimal electromagnetic coupling with the anomalous gauge invariant term is proposed [24] ,
where η is an effective coupling constant. Then the Pauli form factor is expressed as
. (24) The Sachs form factors are defined in terms of Dirac and Pauli form factors as [30] 
Fitted to the data, the coupling constant is chosen as η = 1.3, and the parameter in the effective potential is chosen as λ S = 0.105 GeV 2 for the scalar spectator cluster and λ V = 0.170 GeV 2 for the vector spectator cluster. One may also use different η for the scalar and the vector spectator cases [24] . The mass parameters are listed in Table I . The results of the proton and the neutron form factors are plotted in Fig. 1 compared with the experimental data taken from Refs. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] .
We calculate the spectra of octet and decuplet baryons. The results are listed in Table II compared with the experimental values in Ref. [42] . The spectator masses m S (qq), m V (qq), m S (qs), m V (qs) and m V (ss) are close to those of the mesons π, ρ, K, K * and φ. The N -∆ mass difference is obtained from the different parameters for the scalar and the vector spectators. An alternative treatment is to adopt different assignments to ν with L and L + 1/2 for N and ∆ as used in Ref. [1] .
The magnetic moment can be defined from the magnetic form factor on the limit of the zero momentum square transferred as µ = G M (0). Our results of magnetic moments of octet baryons are listed in Table III compared with the experimental values in Ref. [42] . The radius is defined from the derivative of the form factor at zero momentum square transferred point as
The model results of the charge and the magnetic radii of the nucleons are listed in Table IV compared with the experimental values in Ref. [42] . We need to emphasize that we calculate the flavor singlet axial charge which is interpreted as the contribution of quark helicities to the proton spin in the partonic language. Known as the "proton spin crisis," it is often difficult to understand the helicity contribution at the high energy scale with other low energy baryon properties. In this study, by taking into account the quark mass effect, we obtain the value of the axial charge as 0.308, which is consistent with the recent experimental analysis 0.330 ± 0.011(theo.) ± 0.025(exp.) ± 0.028(evol.) [43] . If the quark mass is neglected, the value will reduce to zero, which is an ultrarelativistic limit. Therefore, the nonzero quark mass is important to describe hadronic spin structures. In summary, we investigate the octet and decuplet baryon properties in a light-front holographic soft-wall model. On the basis of the correspondence established on the limit of massless quarks, we include the corrections from nonzero masses of the constituents and obtain the modified LFWFs of both L = 0 and L = 1 states for baryons. Our results of baryon spectra, form factors, magnetic moments, and the charge and the magnetic radii match the experimental data well. The axial charge, which describes the quark helicity contribution to the nucleon spin, is also consistent with the analysis from the experimental data. Therefore, the AdS/CFT correspondence, or more generally the gauge/gravity duality, provides a powerful tool to study hadronic physics at both low and high energy scales, and if the effect from nonvanishing quark mass is taken into account, it is also successful in the study of spin-related issues.
